This paper reports on the development of a novel software system for excimer laser ablation machining processes. The system's algorithms use the 3D geometry of a microstructure, defined in a CAD model, and parameters that influence the process (etch rate, wall angle, stitching errors, etc) to automatically generate a precise NC part program for the excimer laser machine. The algorithms and a prototype software system have been developed for the step-and-repeat laser ablation technique and extended to include the workpiecedragging technique. The latter, achieves both higher surface accuracy and smoothness within the sub-micron range. The algorithm enables various mask sizes to be used to control accuracy of the machined part and development includes tool path optimisation and processing time reduction. The software simplifies part program creation and is useful for excimer laser operators who currently use a tedious trial and error process to generate microstructure parts. The benefits of the software include more accurate microstructures and reduced overall costs of the process itself. The performance of the system has been verified by NC part program generation for several 3D microstructures and subsequent machining trials. The analysis of stitching and edge errors is reported, and comparisons of 3D models with the machined surfaces are given. Microstructures were analysed using Scanning Electron Microscopy (SEM), Laser Scanning Confocal Microscopy (LSCM) and optical microscopy.
Introduction
Generally, fabrication of microstructures demands fast and reliable processing of the products in a variety of materials. Microstructure patterns can be produced by lithographic and chemical-etching techniques, but these approaches are limited to the fabrication of twodimensional patterns or structures. Production of a small series or prototypes using lithography is not flexible and is too expensive [1] . An important process for the production of microstructures in many applications of microsystem technology is the excimer laser ablation process using the step-and-repeat and workpiecedragging techniques [2] . 3D microstructuring using laser ablation technique is an alternative to lithographic processing and allows micro-components to be efficiently produced with a higher degree of flexibility. An excimer laser system with additional equipment of CNCcontrolled handling devices and accompanied by appropriate CAD/CAM tools is a logical step towards a more efficient and reliable system for more complex microstructure components [3] . Possible areas of application for the new software are in the production of three-dimensional tools for low cost replication, the production of single samples and small series of polymer 3-D microstructures for microfluidics, tissue engineering, and molecular binding. Micro structuring with, excimer laser ablation is normally achieved by using non-contact image projection techniques. These techniques require custom-made chrome on quartz photo masks as tools for shaping the beam to produce the desired structures. These masks are very expensive and making them for every change in design or for the new design is not practical. Hence, new methods are needed to make this attractive technology a low-cost-mass production process. Furthermore, the ablation process is driven and controlled by NC part programs, which are currently written manually to achieve the desired microstructure shape. The creation of the part programs is a time-consuming process, and relies on operator expertise and a trial-anderror approach to produce the NC part program for a desired shape and to set the appropriate machine parameters to achieve the required surface finish. The step and repeat is a straightforward technique where the sample is moved to a fixed position and a programmed number of shots is fired, then the sample moved to the next position, and the process repeated again. This technique is very useful to make self repeated large patterns but the main drawbacks are that after each machining site the laser has to stop and the sample move to another position to continue with machining. This affects the processing time and accuracy of the produced structures [4] . These techniques actually stitch together projected features at the workpiece and, because of the wall angle effect, introduce the overlay errors in the machining process. These stitching errors directly affect the surface roughness and quality of the produced structure and if they are not successfully controlled, then machining microstructures usually requires lots of additional post processing work and operator skills to bring them to an acceptable standard. These types of errors cannot be completely removed but with a proper model can be controlled to a great extent. A simple mathematical model of how these errors are formed and controlled is presented in our previous work [5] but here we will concentrate more on implementation of this model in more technically specific CAD/CAM software that has been under development for the excimer laser system. This unique process has complex and dynamic process parameters that continuously change with time and requires regular calibration. Material properties, laser fluence, and diffraction effects all contribute to nonvertical sidewall angles of the ablated structures. Furthermore available CAD tool (feature extrusion and cut) algorithms are not designed to take into account the special nature of the laser (light beam) machining process. Hence, the actual volume of removed material doesn't match the volume of the part produced by CAD software. This system is believed to be one of the first systems of its kind that extracts information from an STL file to automatically generate NC code data for excimer laser ablation manufacturing. The long term goal is to develop an integrated system that will simplify the process of producing accurate surface structures for applications such as precision optics, that with currently established procedures are very time consuming and operator dependent.
CAD/CAM software interface
Modelling of a prototype system was reported in our previous work and Figures 1,2,3 and 4 briefly summarize the four steps process.
First
Step: The 3D model of a hexagon structure that we wish to machine was created using the SolidWorks ® (SolidWorks Corporation) CAD package which has the option to export this model as an STL graphics file format (ASCII or Binary). Step: This step represents the shape of the object as a mesh of tiny triangles laid over the surfaces. The triangles must meet up exactly with each other, without gaps or overlaps, if the object is to be built successfully. The "slice files" which are used to build each individual layer are calculated from the STL file, and if there are any gaps between the triangles, then the edges of the slices are not properly defined [6] . Step: The layered structure is used as an input to the prototype software to create the proper toolpath for the excimer laser (Aerotech Inc. -Unidex 500 Controller) ablation tool, and using this information it automatically generates the NC code to be executed for microstructure processing. A cross-sectional area to be machined between hexagon and circular boundaries of a layer of the 3D model with different size masks layout was produced by this software system [6] . 
Software performance
After successful prototype implementation we are now able to produce complex structures designs, which were impossible or very difficult to achieve with existing software packages. The CAD module of software prototype enables us to quickly design virtually any type of surface we need and the CAM module will automatically convert this into NC code directly readable on our existing excimer laser system set up.
Software advantages
• Standard tool set of multiple mask sizes • Scale options from 800 to 1 micron feature size • Inclusion of a laser cleaning cycle for removal of ablated debris.
• Machining with less shots per pass and multiple passes control • Database with stored optimal machine data • The 3D CAD model of a microstructure can be achieved using any commercial CAD software that has capabilities of creating a graphical output in the form of a STL file.
Software disadvantages
• Currently algorithms developed only for the square mask tools • Processing time
Experimental Set-Up
Samples presented in this work were micromachined using an excimer laser system Series 8000 (Exitech Limited, UK) equipped with a LPX210i (Lambda Physik, Germany) laser source. The excimer laser was operated at 248 nm, in constant energy mode. The beam delivery system contains beam shaping and homogenization optics to create a uniform, square beam at the plane of a mask held on an open frame CNC controlled X-Y stage set. The double fly's eye homogeniser has a numerical aperture (NA) of 0.01 and produces a 10 x 10 mm uniform illumination at the mask plane in which 80% of the pulse energy at the mask has an intensity variation of less than ±5% RMS monitored using an on-line beam profiler [7] . The lens used for this work had a 1:10 demagnification factor, NA of 0.3, a 1.5 mm diameter field and an optical resolution of 0.8μm [8] . A conventional chrome-on-quartz photomask was used with patterns of different sizes of square features appropriate for the laser micromachining experiments. For the purpose of step and repeat experiment the laser head fires a fixed number of shots per area (100) and the workpiece is moved a certain step size, depending on the image dimensions, and the process is repeated. Each mask position is fixed at an X, Y coordinate and we used a range of square masks -100x100μm, 200x200μm, 400x400μm, 800x800μm projected on the workpiece after 10x demagnification. This results with a maximum depth of ablation around 44μm. The (100) shots per area were applied in workpiece dragging experiment and gave a maximum depth of ablation around 29μm. The multilayer machining experiment applied 3 shots per area for each of 128 passes and results in a maximum depth of ablation around 250μm. The laser fluence of 1.10 J/cm 2 and pulse repetition frequency (PRF) 50 Hz was kept the same in all experiments.
Detail of Figure 5:
Laser pulse energies were calibrated at the surface of the workpiece using a pyroelectric energy monitor (Molectron Type JD25). These samples were analysed using a Scanning Electron Microscope (JEOL JSM-35), Laser Scanning Confocal Microscope (LSCM) (Olympus OLS-1200) and by an optical microscope with Z-axis calibration (Olympus BX60).
Results and Discussion
The experimental work has been done to verify that the G-code created by the software system was correct and matches the results produced by actual machining of this hexagon structure by the excimer laser. Firstly, we used the step and repeat algorithm.
Surface ablation using step and repeat technique
A sample of actual machining using the G-Code produced by system is shown in Figure 5 . The image is produced by the SEM and represents a part of the machined polycarbonate structure, taken in the highlighted area in Figure 4 . Figure 5 shows the effect of stitching errors in the boundary area between single ablated volumes. We were able to measure the average peak size of 28.1 ± 15.2μm high and 19.5 ± 12.3μm wide between adjacent pulse images when the overlap size between images is equal to zero. It was noticeable that peaks sizes were nearly doubled in the area where four adjacent volumes stitch together. The reason for this was the corner radius on the mask that contributes to stitching errors effect. Typical corner radius measured on the image after ablation was less then 5μm but at the intersection of four corners result in a maximum dimension of 20μm which is close to the measured value. Referring to our mathematical model [5] when the size of overlap between adjacent images is equal to zero only "peak" type of stitching errors should occur. Figure 5 shows both types of errors peaks and troughs. This can be due to artifacts produced by SEM, irregularities of the features on the mask or mask positioning misalignment during laser firing. 
Surface ablation using workpiece dragging technique
The concept of surface ablation using the workpiecedragging technique involves using a static mask while moving the sample under the laser beam during firing. The laser operational parameters such as fluence and number of shots define the depth of the feature but the mask shape determines the depth profile of ablated structure. Figure 6 shows LSCM image of a 2.5D hexagon structure machined in a polycarbonate material. The controlled multi-shaped 2.5D microstructure is produced by ablation of the surface using a mask with a 1 mm square image. Figure 7 represents a detail view of part of surface texture machined in Figure 6 and shows stitching errors effects in the form of peaks with width size equal to 23.4 ± 2.2μm and height equal to 3.4 ± 1.5μm. Horizontal defects, in one axis only, are similar to those of step and repeat method and are probably caused by corner rounding effects. However, the vertical height now can be improved by an order of magnitude. 
M
The principle of superposition of determines the surface roughness and the process speed. To achieve best results, it has to be carefully adjusted for a specific material. Excimer laser microstructuring machining processes that build three-dimensional machining process introduce an error in the part in terms of the amount of material actually machined compared to the volume predicted by the CAD model. This affects dimensional accuracy as well as surface finishes for different 3D structures. Figure 9 shows an example of a machined 3D pyramid multi-layer structure. We were able to measure surface texture features with width equal to 23.7 ± 10.1μm and height equal to 52.3 ± 27.2μm respectively. The overall height of pyramid 128 layers structure is measured to be around 250μm. Again the width is consistent with the 100μm image used for the other structures. 2mm 2mm Figure 9 : LSCM image of a 3D pyramid 128-l ers ructure. Groove width is around 100 μm with a defect rial is dependent on both laser process parameters and properties of the material to be
Conclusions
This research explores the development of a novel ftware system for excimer laser ablation process that
nowledgments
The present rese of larger study investigating the toolpath visualization and automation of The laser ablation of mate cut. For a given material, the process parameters need to be adjusted in order to achieve optimum machining performance [9] . This optimised data is integrated into new software as part of a materials database (Process Inputs: Fluence, Frequency, and Number of Shots. Process primary outputs: Wall Angle and Ablation Depth. Process secondary outputs: Overlaps and Stitching errors). To optimise the process parameters we will implement Taguchi [10] design of experiment (DOE) method and these results will be reported in our future work. so implements the existing knowledge of relevant parameters that influence and specifically determine this unique process. The software automatically derives a precise NC part program to control the excimer laser machine. Finally, a prototype system for automatic part program generation has been established. Using suboptimal process parameters stitching errors of 28.1±15.2μm height were observed when overlap size between adjacent volumes is zero, when ablating 100 μm x 100 μm features in PC at a fluence of 1.10 J/cm 2 using step and repeat technique. Using a workpiece dragging technique the maximum stitching errors are reduced to 3.4μm ± 1.5 in height under the same conditions. 128 layer structures have been machined using the developed algorithms, to produce a 2mm wide by 2mm long and 250μm high structure. Horizontal stitching errors with width of 23.7 ± 10.1μm wide and 52.3 ± 27.3μm height were observed. This system is believed to be one of the first systems of its kind that extracts information from an STL file to automatically generate NC code data for excimer laser ablation manufacturing.The long term goal is to develop an integrated system that will simplify the process of producing accurate surface structures for applications such as precision optics, that with currently established procedures are very time consuming and operator dependent. 
